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Background: Streptococcal protein G comprises two or
three domains that bind to the constant Fc region of most
mammalian immunoglobulin Gs (IgGs). Protein G is
functionally related to staphylococcal protein A, with
which it shares neither sequence nor structural homology.
Results: To understand the competitive binding of these
two proteins to the Fc region, the crystal structure of a
single Ig-binding domain of streptococcal protein G was
determined at 3.5 A resolution in complex with the Fc
fragment of human IgG and compared with the structures
of protein A:Fc and protein G:Fab complexes. Protein G
binds to the interface between the second and third heavy
chain constant domains of Fc, which is roughly the same
binding site used by protein A. Protein G comprises one
ot-helix packed onto a four-stranded -sheet. Residues
from protein G that are involved in binding are situated
within the C-terminal part of the -helix, the N-terminal
part of the third 3-strand and the loop region connecting
these two structural elements. The identified Fc-binding
region of protein G agrees well with both biochemical
and NMR spectroscopic data. However, the Fc-binding
helices of protein G and protein A are not superimposable.
Conclusions: Protein G and protein A have developed
different strategies for binding to Fc. The protein G:Fc
complex involves mainly charged and polar contacts,
whereas protein A and Fc are held together through non-
specific hydrophobic interactions and a few polar inter-
actions. Several residues of Fc are involved in both the
protein G:Fc and the protein A:Fc interaction, which
explains the competitive binding of the two proteins. The
apparent differences in their Fc-binding activities result
from additional unique interactions.
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Introduction
Several infectious microorganisms display proteins on
their cell surfaces which interact with mammalian
immunoglobulins (Igs) (for a review, see [1]). Binding to
Igs is likely to weaken the host's immune response and to
facilitate infection, but the precise function of these pro-
teins is still far from understood. Protein A from
Staphylococcus aureus and protein G from group C and G
Streptococcus species are two examples of cell-surface pro-
teins that bind selectively to Fc, the C-terminal fragment
of the heavy chain of IgG. This unique binding property
makes both proteins of great value for a variety of
immunochemical applications, including the detection
and isolation of monoclonal and polyclonal IgGs [2].
Generally, protein G binds more IgG subclasses and with
higher affinity than protein A [3,4]. Protein G binds to
human IgG of all four subclasses, as well as to a number
of mammalian monoclonal antibodies including those
from mouse and rat [3-5], whereas protein A binds to
neither human IgG3 [6] nor to rat IgG [4]. All IgGs that
have been examined show a higher binding affinity to
protein G than to protein A [4]. Protein G also interacts
weakly with Fab, the antigen-binding fragment of IgG.
However, its binding affinity for Fab is only about 10% of
its affinity for Fc [3].
Several protein G genes have been cloned and sequenced
[7,8]. The IgG-binding regions are located at the C-ter-
minal end of the molecule, whereas the N-terminal part
contains albumin-binding regions [9]. The size of the
molecule varies because of differences in the number of
internal repeats. The molecule comprises -600 amino
acids, including three Fc-binding repeats, each having 55
amino acids, referred to as C1, C2 and C3 [7,9-11]. A
shorter protein, containing only two Fc-binding regions
(called BI and B2), has also been isolated [8]. The amino
acid sequences of the individual repeats are very similar
with only two differences between C1 and C2 and six
differences between C1 and C3 [11]. The amino acid
sequences of C1 and C3 are identical to those of B1 and
B2, respectively.
The structures of isolated Fc-binding repeats of protein
G have been determined by means of NMR spec-
troscopy [12,13] and X-ray crystallography [14-16].
They are identical and consist of one ot-helix which is
positioned diagonally across a four-stranded 3-sheet.
This structure is unusually stable with melting tempera-
tures above 800C for some repeats [17]. Protein A is built
up from five repeating Fc-binding domains (termed E, D,
A, B and C), but no sequence or structural homology
*Corresponding author.
© Current Biology Ltd ISSN 0969-2126 265
266 Structure 1995, Vol 3 No 3
exists between the domains of the two proteins [7,8,18].
The structure of fragment B of protein A has been deter-
mined by NMR spectroscopy and was shown to be a
three-helix bundle [19,20]. In the previously determined
crystal structure of the complex between Fc and frag-
ment B of protein A, the third helix is unwound and the
main chain adopts an extended conformation [21,22].
Residues from the first and second helices in protein A
participate in the protein-protein interface which is
located in the hinge region that connects the second and
third constant domains of the heavy chain (CH2 and
CH3 ) of Fc. It has been suggested that protein G interacts
with roughly the same region of Fc [5,6,23].
A synthetic peptide fragment, corresponding to residues
34-44 of protein G, blocks further binding of protein G
to Fc [24]. These 11 residues are situated in the C-termi-
nal part of the a-helix, the N-terminal part of the third
P-strand and the extended loop region connecting these
two structural elements. It has been proposed that
residues from these three parts of protein G mediate
binding to Fc [24]. In addition, NMR experiments
involving protein G alone and in complex with Fc,
showed changes in chemical shifts for protein G residues
situated within the a-helix and the third P-strand upon
binding to Fc [25]. The helix in protein G was suggested
to bind in the same orientation as one of the Fc-binding
helices of protein A [25]. In the protein G:Fab complex
structure, the protein G helix does not participate in the
interaction with the Fab [16,26-28]. Instead, its second
,-strand, at the edge of the P-sheet, forms an extended
3-sheet structure on edge with the last 3-strand of the
CH 1 domain of Fab.
To understand how protein G interacts with Fc, we have
determined the crystal structure of a complex between
the C2 Fc-binding fragment of protein G and the Fc
fragment of human IgG1 at 3.5 A resolution and com-
pared it with the structures of the protein A:Fc and pro-
tein G:Fab complexes.
Results and discussion
Structure of the Fc domain of IgG
The Fc fragment of IgG1 is a dimer of two identical
heavy chains each containing two constant domains: CH2
(110 residues) and CH3 (106 residues). The monomers
are related by a nearly perfect two-fold axis. Seven
N-terminal residues, as well as the three C-terminal
residues are missing in the model of Fc (PDB entry
1FC1, [21,22]) which comprises residues 238-341 and
342-443 of the CH2 and CH3 domains. After refinement
of the protein G:Fc complex, the Fc structure was nearly
unchanged, except for a global relative movement of the
CH2 and CH3 domains around the linker region. The
regions missing in the search model have not reappeared
in our final model. A least-squares superposition of the
search model on top of our final model yields a root
mean square deviation (rmsd) of 1.30 A for 1023 main-
chain atoms (defined here as N, C, Ca, O and Ca). If
the superpositioning is carried out with the CH2
domains only (residues 238-337), the 498 main-chain
atoms have an rmsd of 0.74 A. When only the CH3
domains are used (residues 347-443), the rmsd for 481
main-chain atoms is 0.62 A.
There are indications that several regions, mainly in the
CH2 domain of Fc, either adopt a slightly different struc-
ture in the complex or contain errors. However, without
high-resolution crystallographic data we were unable to
refine these regions. Fortunately, none of them contains
residues which are directly involved in the major pro-
tein-protein interface.
Structure of the C2 domain of protein G
The structure of the 56 amino acid Fc-binding domain
B1 of protein G has been determined by NMR spec-
troscopy [12]. This structure contains a methionine at
position 1 (Metl) which is not part of the Fc-binding
domain. The B1 domain is equivalent to the C1 domain
using the nomenclature of Olsson et al. [11]. The amino
acid sequences of the C1 and C2 domains are identical
except for residues Ile/Val5 and Leu/Ile6. Thus, the
structures of C1 and C2 can be assumed to be identical.
The NMR structure determination revealed that B1
contains one ao-helix which is positioned diagonally
across a four-stranded 13-sheet, with the secondary-struc-
ture elements connected by short loop regions. This
structure has been confirmed by crystallographic studies
on the B1 [14] and B2 domains [15,16].
Of the 65 amino acids that make up our C2 fragment,
56 were visible in the electron-density maps. (There are
six residues missing at the N-terminus and three residues
at the C-terminus.) These residues include all 55 amino
acids of the C2 domain plus one of the extra N-terminal
residues (Thrl). There is weak density for one or two
additional residues at both the N and the C termini, but
no attempt has been made to include these residues in
the model.
Our model of the C2 domain is similar to the original
NMR model; 276 main-chain atoms in the 56 residue
fragment can be superimposed with an rmsd of 1.04 A
(fitted on Cot atoms only, the rmsd is 1.01 A). The
residues that differ most are all located within the loop
regions that connect the secondary-structure elements.
When the NMR structure was first published, it was
believed to have a new fold. However, it was soon
pointed out that the structure actually resembles that of
ubiquitin [29]. Using DEJAVU [30], we found that pro-
tein G not only has a fold similar to ubiquitin (PDB
entry 1AAR, [31], 30 out of 56 Caot atoms can be aligned
with an rmsd of 1.6 A), but is also strikingly similar to
the N-terminal domains of various ribonucleases, includ-
ing the ribonuclease domain of HIV reverse transcriptase
(however, the connectivity is not.identical and the direc-
tions of the strands are different). This suggests that the
spatial arrangement of the secondary-structure elements,
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in which an a-helix is positioned diagonally across a
3-sheet, is a stable one. Alignment of protein G with
ribonuclease H from Escherichia coli (2RN2, [32]) yields
33 matched Cot atoms with an rmsd of 1.8 A. For the
ribonuclease H domain of HIV-1 reverse transcriptase
(1HRH, [33]), we can align 34 Cot atoms with an rmsd
of 1.8 A; for HIV-1 reverse transcriptase itself (1HVT,
[34]), we can align 35 Cot atoms with an rmsd of 1.6 A.
The motif is also present in leucine aminopeptidase
(1BPM, [35]), for which we can align 26 Ca atoms with
an rmsd of 1.3 A.
Description of the complex
The interface region between Fc and protein G is, of
course, of primary interest. In agreement with the bio-
chemical data [5,6,23], protein G binds Fc at the hinge
region that connects the CH2 and CH3 domains (Fig. 1).
In the present model, there are three residues of the CH2
domain of Fc which are involved in the interfacial inter-
actions: Ile253, Ser254 and Gln311. In the CH3 domain,
there are two areas which contribute to the interface:
Glu380 and Glu382, and the residues His433-Gln438.
All residues that interact with protein G are situated
within loop regions of Fc except for Glu380, Glu382
and Gln438 which are exposed on one of the 13-sheets
making up the CH3 domain. Two independent experi-
ments have previously identified residues within the
a-helix and the N-terminal part of the third 3-strand of
protein G as important for Fc binding. First, an
11-residue peptide fragment, corresponding to residues
34-44 of protein G, was shown to block binding of intact
protein G molecules to Fc [24]. Second, an NMR study
showed that residues from the regions 23-36 and 40-46
of protein G are part of the interface [25]. Both findings
are in agreement with the present crystal structure. We
have identified the following residues in protein G that
interact with Fc: Glu27, Lys28, Lys31, Gln32, Asn35,
Asp40, Glu42 and Trp43 (Fig. 2).
The protein-protein interface can be divided into three
distinct regions, here denoted I, II, and III, which we will
discuss separately. Distances between neighbouring
residues are given in Table 1 and may contain errors of up
to -0.6 A because of the low resolution of the crystallo-
graphic data. Several facts increase our confidence in these
interactions: the electron-density features are well defined
and cover most residues participating in the interface;
most amino acids have kept the side-chain conformation
from their individual structures; the protein-protein inter-
actions are chemically meaningful, and the distances agree
well with the formation of hydrogen bonds or salt links
between spatially proximate side chains.
The first interface region, I (Fig. 3a), is a large hydrogen-
bonding network comprising four charged and three
polar residues. This network involves residues Lys28 and
Gln32 of protein G, both situated in the centre of the
ao-helix but separated by three residues and therefore
exposed on the same side of the helix. Participating
residues of Fc are Lys248, Glu380, Glu382, Ser426 and
Gln438. Lys28 bridges between the carboxyl groups of
Glu380 and Glu382, both of which form additional
hydrogen bonds to other residues of Fc. The 0O2 atom
of Glu380 forms a salt link with Lys248, and the OE1
atom of Glu382 forms a hydrogen bond with the
hydroxyl group of Ser426. The OE2 atom of Glu382
forms a hydrogen bond with the NE2 atom of Gln438,
whose OEl atom, in turn, forms a hydrogen bond with
the Ne2 atom of Gln32 of protein G.
The second region of the interface, II (Fig. 3b), includes
two charged residues from protein G, Glu27 and Lys31.
These two residues are also situated in the central part of
the a-helix and are separated by three residues. Their side
chains extend from the opposite side of the helix relative
to those of Lys28 and Gln32. Glu27 forms a salt link to
Lys31 and forms hydrogen bonds with the main-chain
Fig. 1. Stereo Ca-trace of the protein
G:Fc complex. Both proteins have been
colour-ramped, from red at their N ter-
minus to blue at their C terminus.
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Fig. 2. Schematic representation of the overall fold of protein G
highlighting the eight residues most involved in Fc binding
(Glu27, Lys28, Lys31, Gln32, Asn35, Asp40, Glu42 and Trp43).
3-strands and loop regions are coloured green and yellow,
respectively, and the a-helix is coloured red. Carbon atoms are
coloured yellow, nitrogens are shown in purple and oxygens in
red. Ca-atoms are shown as large cyan spheres.
nitrogen atoms of Ile253 and Ser254, and probably also
with the side-chain hydroxyl group of Ser254. Little or
no electron density is observed for the Ser254 side chain,
but Glu27 is the only possible hydrogen-bonding partner
for this residue. The distance between the Ser254 Oy
atom and the OE1 atom of Glu27 is 3.2 A. Lys31 does
not interact with any residue in Fc directly. Its N5 atom is
situated 3.5 A away from the carbonyl oxygen of Leu251
so that a hydrogen bond between these two atoms seems
possible. In any case, Lys31 is part of the interface
through a salt link to Glu27.
The third and last interface region, III (Fig. 3c), includes
the protein G residues Asn35 (situated at the C-terminal
part of the Qo-helix), Glu42 and Trp43 (at the N terminus
of the third -strand), and Asp40, located in the loop
region that connects the o-helix and the third -strand.
The carbonyl oxygen of Val39 also contributes to Fc
binding. Residues from Fc that are part of the interface
in this region are His433 and Asn434, and the main-chain
oxygen of Tyr436. The side chain of His433 cannot
maintain its original conformation due to the proximity
of residues from protein G. Instead the electron-density
maps suggest two possible conformations. Rotation
around the X1 torsion angle by -120 ° would bring the
His433 side chain within hydrogen-bonding distance of
Asp40, a residue with well-defined density but no hydro-
gen-bonding partner in the current model. When fitted
within its strongest density feature, a rotation of the X1
torsion angle by -120 ° brings the His433 NS1 atom (or
possibly its NE2 atom by rotating around X2 by 180 ° )
within hydrogen-bonding distance of both the 061 and
N82 atoms of Asn35. Furthermore, the N82 atom of
Asn35 is in close proximity to the main-chain carbonyl
oxygen of Tyr436, and its 081 atom interacts with the
N82 atom of Asn434.
Asn434 of Fc seems to play a crucial role in binding to
protein G. In addition to forming a hydrogen bond to
Asn35, its N82 atom forms a hydrogen bond with the
main-chain carbonyl oxygen of Val39. The 081 atom of
Asn434 is also hydrogen bonded to the Nel atom of
Trp43. The ring system of Trp43 is flanked on both
sides; on the one side by the side chain of Val54 and on
the other by the Cy and C8 atoms of Lys31. Glu42 is
situated at the beginning of the third -strand and its
OE1 atom is 2.7 A away from the NE2 atom of Gln311.
There are other possible hydrogen bonds in this region:
the 082 atom of Asn434 is situated 3.6 A from the
Table 1. Distances between neighbouring atoms of residues involved
in the hydrogen-bonding networks in the three regions of the
protein G: Fc interface.
Residue 1 Residue 2 Distance (A)
Region I Fc-Glu380 OE1 PG-Lys28 Ni 2.7
Fc-Glu380 0e2 Fc-Lys248 Ni 2.9
Fc-Glu382 0e2 PG-Lys28 N5 2.9
Fc-Glu382 O£1 Fc-Ser426 Oy 2.8
Fc-Ser426 Oy Fc-Tyr436 OT1 2.6
Fc-Glu382 OE1 Fc-Gln438 Ne2 2.9
Fc-GIln438 Oel PG-Gln32 Ne2 3.3
Region I PG-Glu27 O£1 Fc-Ser254 Oy 3.2
PG-Glu27 OE1 Fc-Ser254 N 2.7
PG-Glu27 OE2 PG-Lys31 N 2.7
PG-Glu27 0£2 Fc-lle253 N 2.5
PG-Lys31 Nr Fc-Leu251 0 3.5
Region III PG-Asn35 061 Fc-Asn434 N82 2.4
PG-Asn35 061 Fc-His433 N61 3.0
PG-Asn35 N52 Fc-His433 N61 2.7
PG-Asn35 No2 Fc-Tyr436 0 3.1
Fc-Asn434 061 PG-Gly41 N 3.6
Fc-Asn434 061 PG-Trp43 N£1 2.8
Fc-Asn434 N62 PG-Val39 0 3.3
PG-Asp40 061 Fc-Asn434 N 3.6
PG-Glu42 Oel£1 Fc-Gln311 N2 2.7
Protein G (PG) and Fc residues are numbered from 1-56 and 238-443,
respectively.
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Fig. 3. The three regions, denoted I, II and Ill, where interactions occur between protein G and Fc are shown in (a), (b) and (c), respec-
tively. The colouring of residues from protein G is as described for Fig. 2. For Fc, p-strands, a-helices and loop regions are coloured in
different shades of blue and carbon atoms are grey. Hydrogen bonds identified by O 51] are shown as sets of small green spheres.
main-chain nitrogen atom of Gly41, and the main-chain
nitrogen atom of Asn434 is situated 3.6 A from the car-
boxyl group of Asp40. The many interactions involving
residue Asn434 in Fc clearly imply that it is vital for the
protein-protein interface; it is located at the centre of a
complicated network of interactions between mostly
polar and charged residues.
Hydrophobic interactions are hard to find in the inter-
face. Only the side chains of Met252, Met428 and Ile253
are completely or partly buried upon complex forma-
tion. Met252 and Met428 have their CE atom in the
proximity of the hydrophobic part of the side chain of
Lys28, whereas the side chain of Ile253 is partly shielded
from solvent by the CB atom of Trp43 and the Cc atom
of Thr44.
There are only six differences in the amino acid
sequences of the C1 and C3 domains of protein G.
Nevertheless, the C3 domain binds IgG about seven
times tighter than the C1 domain [25]. Having identified
the interacting residues of C2 and Fc, it is possible to find
a structural explanation for the observed differences in
the binding affinities. The six amino acids which are dif-
ferent in C1 and C3 are: Ile/Val6, Leu/Ile7, Glu/Lysl9,
Ala/Glu24, Val/Ala29 and Glu/Val42. The four last dif-
ferences in the amino acid sequences also exist between
the C2 and C3 domains (the C2 domain has valine and
isoleucine at positions 6 and 7, respectively). On the basis
of NMR studies, it was speculated that the substitution
Glu/Val42 would probably improve binding to Fc [25].
Bearing in mind that protein A binds Fc predominantly
through hydrophobic contacts (the interaction between
protein A and Fc is discussed in a subsequent section), it
was argued that introducing a hydrophobic residue at this
site would cause a more favourable hydrophobic interac-
tion to Fc. From the protein G:Fc structure however, we
can conclude that the only substitution that can possibly
have any effect on the strength of the protein-protein
interaction is that of Ala/Glu24. Of the six substitutions,
Ile/Val6 and Leu/Ile7 can be excluded because these two
amino acids are situated far from the interface regions
with Fc. The side chains of Glu/Lysl9 and Val/Ala29 are
surface exposed, but also situated far from the interface
regions (Fig. 4a). As discussed above, the carboxyl group
of the Glu42 side chain forms a hydrogen bond with the
side chain of Gln311. Therefore, replacing this residue by
a valine will definitely not improve the interactions with
Fc at this site. It cannot be excluded, however, that the
removal of this hydrogen bond causes conformational
changes leading to the formation of new favourable
interactions between Fc and protein G at other sites.
Ala24 is situated at the N terminus of the ot-helix with its
side chain exposed-on the same side of the helix as those
of Lys28 and Gln32. In the protein G:Fc complex, the
Cl atom of Ala24 is situated 4.6 A from the N1q2 atom
of Arg255 (Fig. 4b). Other residues in the vicinity are
Asp249, a residue with no hydrogen-bonding partner
and with its Oo1 atom 3.8 A from the Arg255 NTrl
atom, and Lys248 whose N4 atom is situated 4.0 A away
from the N2 atom. Lys248 forms a salt link with
Glu380 and is part of one of the hydrogen-bonding net-
works in the protein G:Fc interface. The replacement of
Ala24 by a glutamate, may, therefore, result in favourable
interactions with Arg255 and/or Lys248, and result in
stronger binding.
The interface described above is undoubtedly the one
existing under physiological conditions. However, as a
consequence of the crystal packing, there are two
additional types of interaction involving protein G mol-
ecules. The protein G molecule (called molecule A) in
the asymmetric unit interacts with only one Fc molecule
(A). In addition, it interacts with a symmetry-related
copy of itself (i.e., another protein G molecule A, in
another asymmetric unit). Residues 12-16 in the second
,-strand form main-chain hydrogen bonds with residues
16-12 of the symmetry-related molecule, with residue 14
being the symmetric pivot of the interaction (not surpris-
ingly, this residue is a glycine and the distance between
the two Gly14 Cots is -3.5 A). In effect, this leads to the
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Fig. 5. Two adjacent, symmetry-related C2 domains in the crystal
lattice. Interacting protein G molecules form one large 3-sheet
comprising a total of eight strands. They do not, however, form a
molecular chain with extended -sheets running through the
crystal as in the crystal structures of the domains alone 114-16].
Apart from the major interface with 'its own' Fc (mol-
ecule B), it has minor interactions with residues in a loop
of the CH2 domain of another Fc fragment (molecule A).
Thrl, Thr2 and Lys50 interact with His285, and Thr2 in
addition forms a hydrogen bond with Gln283.
Fig. 4. (a) The positions of the six amino acids that are different
in the C1 and C3 domains relative to the C2:Fc interface. Only
Glu/Val42 and Ala/Glu24 are in close proximity to Fc. (b) A
close-up view of the residues in the vicinity of Ala24. Residues
Lys248, Arg255 and Glu380, from Fc, and Lys28 from protein G,
are included.
formation of one large -sheet comprising all four
strands of both molecules - a total of eight strands
(Fig. 5). In addition to the inter-protein G main-chain
hydrogen bonds, Leul2 interacts with Thrl6 and Tyr33,
and Tyr33 in turn interacts with Asn37, a residue that
also interacts with a symmetry-related copy of itself.
The other protein G molecule in the asymmetric unit
(called B) is in a completely different environment.
Comparison with the protein A:Fc complex
Protein A is found on the cell surface of Staphylococcus
aureus. Like protein G, it contains Fc-binding repeats that
have high sequence homology. The solution structures of
the repeats are known: they consist of three ot-helices
[19,20]. Fig. 6 shows similar views of the protein G:Fc
complex, the protein A:Fc complex as well as a superpo-
sition of the two complexes. The interactions in the
complex of protein A with Fc (PDB entry 1FC2,
[21,22]) involve mainly residues from the N-terminal
helix (see Fig. 6b). As discussed above, some of the
Fc-binding residues of protein G are also situated in an
or-helix. Therefore, at first sight, the interaction is similar
to that observed for the protein A:Fc complex. Based on
NMR experiments on protein G and on the complex
between protein G and Fc, it was recently suggested that
the helix of protein G might occupy the same position as
the first helix of protein A, since this could account for
the fact that both proteins compete for similar binding
sites in Fc [25]. Our results clearly show that this is not
the case. After superimposing the two complexes using all
main-chain atoms of their Fc fragments, the helix of pro-
tein G makes an angle of-45° to the plane formed by the
two longest helices in protein A (Fig. 6c). In addition,
whereas the two helices in protein A are located mostly
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Fig. 6. Comparison of the protein G:Fc and protein A:Fc complexes. Helices and loops in protein A are coloured light and dark violet,
respectively. The colour scheme for protein G and Fc is as described for Fig. 2. (a) Ribbon representation of the protein G:Fc complex
(Ca atoms of Fc residues that interact with protein G are marked in green). (b) The protein A:Fc complex (Ca atoms of Fc residues that
interact with protein A are marked in pink). (c) Superposition of the two structures. The overlay was based on 206 Cca atoms from Fc
with an rmsd of 1.16 A.
on the CH2 side of Fc, the helix of protein G lies wedged
in the CH2-CH 3 cleft. If one considers volumes, that
of protein A is ~4600 A3, that of protein G is -5600 A3,
but that of the overlap area between the two is only
-1300 A3. In other words, about one-quarter of protein
G overlaps with about one-third of protein A.
The nature of the interfacial interactions in the two com-
plexes is dramatically different. The interface between Fc
and protein G consists of an intricate network of hydro-
gen bonds and salt links, involving mainly charged and
polar residues and the occasional main-chain atom,
whereas the complex of Fc and protein A is stabilized
mainly by hydrophobic interactions, and fewer polar
contacts (Table 2). Therefore, it is not surprising that the
two helices cannot bind to the same region of Fc. What
is interesting, however, is the fact that, despite the differ-
ences in binding, several of the Fc residues that interact
with protein A also interact with protein G. This is made
possible because the third 13-strand in protein G is situ-
ated in approximately the same region as the first
Fc-binding helix of protein A.
Both proteins are flanked by, and interact with, three
loops from Fc including residues Met252, Ile253 and
Ser254, residues His433, Asn434 and His435, and residue
Gln311 (Fig. 7). Four residues from Fc, Ile253, Ser254,
Gln311 and Asn434, are of particular importance because
their side chains interact with side chains of both protein
A and protein G (see Table 2). These and other inter-
actions involving main-chain atoms in these three loops,
explain why and how the two proteins compete for
binding to Fc (Fig. 7 and Table 2). On the other hand,
protein G and protein A each have a set of unique inter-
actions with Fc which accounts for the differences in Fc
binding. Protein G makes contacts with the side chains of
His433, Glu380, Glu382 and Gln438 of which the three
last residues are situated within the 13-sheet structure of
the CH3 domain, whereas protein A interacts with the
Table 2. Interactions of Fc with protein G and with protein A.
Fc Protein G Protein A
Leu251 (MC) Lys31 (SC, 3.5A) Gln129 (SC)
Met252 (H) Lys28 (H, 4.1 A) Phel24 (H)
lle253 (MC) Glu27 (SC) Gln129 (SC, 3.3 A)
lle253 (H) Trp43 (H) Phel32 (H)
lle253 (H) Thr44 (H) Leu153 (H)
Ser254 (MC) Glu27 (SC)
Ser254 (SC) Glu27 (SC) GIn128 (SC, 3.2A)
Gln311 (SC) Glu42 (SC) Asn137 (SC)
Leu314 (H) Leu136 (H)
Glu380 (SC) Lys28 (SC)
Glu382 (SC) Lys28 (SC)
Met428 (H) Lys28 (H)
Leu432 (MC) Tyr133 (SC, 3.1 A)
His433 (SC) Asn35 (SC)
Asn434 (SC) Asn35 (SC) Asnl30 (SC)
Asn434 (SC) Val39 (MC)
Asn434 (SC) Trp43 (SC)
His435 (H) Tyr133 (H)
His435 (H) Leu136 (H, 4.0A)
Tyr436 (MC) Asn35 (SC)
Tyr436 (H) Lys28 (H)
Gln438 (SC) Gln32 (SC, 3.3 A)
Polar interactions involving main-chain atoms are indicated with (MC),
other polar or charged interactions with (SC), and hydrophobic interac-
tions with (H). The cut-off distances for polar interactions and hydropho-
bic interactions were 3.OA and 3.6A, respectively, unless indicated
otherwise.
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Fig. 7. Residues from Fc that interact with protein G or protein A
or both. The Ca positions of residues interacting with only pro-
tein G or protein A are coloured green and pink, respectively,
whereas those from residues interacting with both proteins are
shown in yellow.
side chains of Leu314 and His435. The differences in the
physico-chemical nature of the interactions between pro-
tein A and Fc relative to those of protein G and Fc are
apparent (Table 2). Protein G has 12 polar or charged
interactions with Fc, whereas protein A only has six.
Instead, five hydrophobic contacts occur between protein
A and Fc which do not exist in the protein G:Fc com-
plex. Thus, it is clear that the two proteins use different
modes of interaction for their IgG binding. This is sup-
ported by biochemical data that show remarkably differ-
ent pH dependencies of IgG binding for protein G and
protein A [5].
Protein G binds to all four human IgG subclasses with
high affinity, whereas protein A does not interact with
IgG3 [6]. From model building studies of the structure of
the complex between protein A and Fc, it was suggested
that the substitution of arginine for histidine at position
435 in IgG3 prevents binding to protein A [22]. In the
protein A:Fc complex, His435 is in close proximity to
several hydrophobic residues with distances of <4 A to
Tyr133 and Leul36, and <4.5 A to Phe132, Gln129 and
Hisl37. In the protein G:Fc complex, however, His435
has no interactions with residues from protein G (the clos-
est residues are Glu42 and Trp43, situated -6.0 A away).
Thus, the introduction of an arginine at position 435 can
easily be accommodated within the protein G:Fc com-
plex, which explains the ability of protein G to bind IgG3.
Comparison with the protein G:Fab complex
The X-ray structure of a protein G domain in complex
with an Fab fragment revealed an unexpected type of
interaction at the protein-protein interface [16,26-28].
Binding is predominantly mediated by main-chain/ main-
chain hydrogen-bond formation, through the pairing of
two P-strands. The second P-strand of protein G (residues
16-22; corresponding to residues 11-17 in our structure)
forms an antiparallel sheet with the last P-strand of the
CH1 domain of Fab [16,26]. This type of binding is
entirely different from that observed in the protein G:Fc
interface, where side-chain/side-chain interactions pre-
dominate, forming salt links and hydrogen bonds. Similar
strand pairing was recently reported in the PapD-PapG
peptide complex [36] and this interaction is very similar to
the contacts we observe between symmetry-related pro-
tein G molecules. It is also of interest to note that three
additional cases of P-strand pairing involving protein G
molecules have been reported. In the lattices of the
orthorhombic and trigonal crystal forms of the B1 (C1)
domain [14] and the monoclinic [15] and orthorhombic
[16] crystal forms of the B2 (C3) domain, residues from
the second P-strand (residues 12-20 in our numbering)
form an extended 1B-sheet through pairing with the third
P-strand (residues 42-47 in our numbering) of a symme-
try-related protein G molecule. Thus, six independent
crystal structures now exist in which the second P-strand
of a protein G molecule is engaged in the formation of
an inter-protein P-sheet. In three of these cases, P-strand
pairing takes place between strands that have no apparent
sequence homology. These observations led to specu-
lations that the binding between Fab and protein G was
an artifact resulting from crystal packing [25]. However,
a recent NMR study of the interactions between pro-
tein G and an Fab fragment showed that the crystal struc-
ture does correspond to the structure of the complex in
solution [28].
The finding that protein G molecules interact so easily
with each other could be of physiological relevance. It
seems possible that this mode of binding reflects the
means by which different Fc-binding protein G repeats
interact with each other in the intact protein. There are
two short linker regions, D1 and D2, each comprising 15
amino acid residues, that separate the three Fc-binding
repeats in protein G [7]. These linkers are sufficiently
long to bridge the distance between the N- and C-ter-
minal ends of the two symmetry-related protein G mol-
ecules that are observed in our crystal form.
Biological implications
Immunoglobulin (Ig)-binding bacterial proteins
are important reagents for a variety of biochemical
and immunochemical applications. Streptococcal
protein G and staphylococcal protein A are exam-
ples of cell-surface proteins that bind to the con-
stant (Fc) region of mammalian IgG with the
advantage that they do not interact with the anti-
gen-binding part of the antibody. Protein G and
protein A share no sequence or structural homol-
ogy even though they compete for the same bind-
ing site on Fc, at the hinge region that links the
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second and third constant domains of the heavy
chain (CH2 and CH3 ). Protein A and protein G
have five and three Fc-binding domains (referred
to as E, D, A, B, C and C1, C2, C3), respectively.
The domains from protein A consist of a three-
helix bundle, whereas those from protein G con-
tain only one a-helix that packs onto a four-
stranded -sheet. Residues from the first two
al-helices of the protein A domain are known to
interact with Fc.
The structure of the complex between Fc and the
C2 domain of protein G, solved at 3.5 A resolu-
tion, has answered some questions concerning the
nature of the binding-site interactions. Residues
27-43 of protein G interact with residues from Fc
at the protein-protein interface. Some of the Fc-
binding residues are located in the a-helix of pro-
tein G. Nevertheless, this helix does not coincide
with any of the helices of protein A in the protein
A:Fc complex. Several residues of Fc interact with
both proteins, which explains why they compete
for the same binding site. Unique interactions
between the proteins and Fc account for their
different binding activities.
There are limitations to the Ig-binding activities
of protein A and protein G. For example, they do
not bind to all Ig classes but only to IgG, and they
interact only weakly or not at all with some rat
and mouse monoclonal antibodies. The design of
protein G molecules with improved binding prop-
erties has many potential applications including
medical ones. The availability of the structure of
the Fc:protein G complex will hopefully facilitate
future endeavours in this field.
Materials and methods
DNA constructions and protein preparation
An IgG-binding domain of protein G was constructed by poly-
merase chain reaction (PCR) using two synthetic oligonu-
cleotides: 5'-GTAAAACGACGACGGCCAGTCGACATGCA
ATTAACACCAGCGGTGA-3' and 5'-GATTACGAATT-
TAATACGGATCCCCATTTCTGGTTTTTCAGTGTCT-3'.
Plasmid pSPG6 [7] was used as a template and the PCR frag-
ment was cloned into pRIT28 [37] and sequenced using the
solid-phase method [37]. The fragment was cleaved out using
the flanking BatnHI and the Sail restriction sites, which had
been introduced by the PCR primers. Plasmid pEB2ZHis [38]
was cleaved with XhoI and BglII and the BamHI/SalI-fragment
was inserted by ligation. A tripartite fusion protein containing
the albumin-binding domain from protein G, the single
IgG-binding domain (C2) and a 'tail' of histidine residues
could thus be produced in E. coli using the signal sequence and
promotor of staphylococcal protein. The three domains were
separated by single methionine residues introduced during the
PCR to flank the C2 protein G fragment. The recombinant
fusion protein was produced in E. coli and purified by three
consecutive affinity chromatography steps [human serum albu-
min (HSA), IgG and Zn-chelating]. The purified fragment was
cleaved with cyanogen bromide [39]. The 65 amino acid
fragment starting with Glu366 and terminating with Glu430 of
protein G [11] was finally purified by taking the flow-through
fractions of the HSA- and Zn-affinity columns and affinity
purifying the fragment on IgG-Sepharose. The purified frag-
ment was checked by SDS-gel electrophoresis and N-terminal
sequencing as described previously [39].
The Fc fragment was obtained by papain cleavage of purified
monoclonal human IgG1 (MO61) from hybridoma cells [40]
kindly provided by Carl Borrebeck (University of Lund,
Sweden). The fragment was purified by protein G-Sepharose
followed by DEAE-Sepharose (Pharmacia Biotech, Sweden).
The complex was constructed by mixing equimolar amounts of
the Fc fragment and the protein G C2 fragment. The complex
was purified by gel chromatography using a G-50 Sephadex
column (Pharmacia Biotech, Sweden).
Crystallization of the complex and data collection
The initial search for crystallization conditions was done using
the hanging-drop vapour-diffusion method [41] applying the
incomplete factorial design of Jancarik and Kim [42]. After
optimization, the crystallization experiment screened well solu-
tions containing between 18% and 21% (w/v) polyethylene-
glycol (PEG) 4000, 0.1 M Tris-HCI pH 8.1 and 0.2 M MgC12.
Equal volumes (5 p1) of well solution and protein solution
(15-20 mg ml-1) were mixed. The protein was stored in a
buffer of 0.05 M PIPES pH 7.0 and 0.1 M NaCl. Crystals up
to 0.8 mmx0.6 mmx0.6 mm in size appeared. after 2-3 weeks
at room temperature if the drops were left undisturbed.
The crystals were determined as belonging to the tetragonal
space group P4 1212 or its enantiomorph P4 3212 with cell
dimensions a=b=110.6 A, c=160.3 A. The results of the
translation function later identified the space group as P43212.
The crystals have a 66000 Da dimer in the asymmetric unit
(one chain of Fc and one molecule of C2 have molecular
weights of 25500 Da and 7500 Da, respectively). The VM
value is 3.7 A3 Da-1' which corresponds to -67% solvent
content. This value is significantly higher than the average
value observed for protein crystals (2.4 3 Da-' or 48%
solvent content; [43]).
Judging from their size, the crystals seemed suitable for high-
resolution data collection. Unfortunately, only a few crystals
diffracted beyond 3.5 A and exposure to synchrotron radiation
at the EMBL Outstation in Hamburg did not improve the
resolution. Two diffraction data sets were collected on our
in-house Xuong-Hamlin area detector [44] using CuKet radia-
tion from a Rigaku rotating-anode generator. The first data
set, native 1, was used for molecular replacement, rigid-body
refinement and in the first round of averaging. The second
dataset, native 2 was used in the second round of rigid-body
refinement, averaging and structure refinement. The resolu-
tion of the second dataset is 3.5 A, with some reflections to
3.2 A resolution included. Data collection statistics are shown
in Table 3.
Structure solution
The structure of the complex between the Fc fragment and the
C2 domain of protein G was solved by molecular replacement
[45,46]. The search model was the complete Fc fragment of
the human serum IgG molecule (class IgG ), as available from
the Brookhaven Protein Data Bank ([47], PDB code FC1;
[21,22]). The Fc fragment is a dimer of identical heavy chains
which contain two constant domains each, CH2 and CH3. The
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two monomers are related by a nearly perfect two-fold axis.
Associated with each of the two CH2 domains are nine
carbohydrates which were also included in the search model.
The model included all atoms with their temperature factors
and occupancy values left unaltered.
The cross-rotation function was calculated with X-PLOR [48]
using 7999 reflections (90% complete) from 15-4 A resolution.
The two first solutions from the cross-rotation search pro-
duced the highest correlation coefficients (0.050 and 0.053,
next highest peak 0.042) after Patterson-correlation refinement
[46]. These two solutions were related by a two-fold rotation.
One solution was arbitrarily chosen and applied to the model
for the translation function which produced a single clear solu-
tion in space group P4 3212. The translation function value for
this solution was 18.6ac (packing function value (PF) of 0.217),
while the next spatially significantly different solution was
found at 12.4ar (PF 0.217). The highest peak in the enan-
tiomorphic space group P4 1212 was at 12.9cr (PF 0.218). It is
interesting to note that both enantiomers produced the highest
peak at the same position, probably because two of the four
molecules along the four-fold screw axis are positioned identi-
cally, independent of the direction of the screw. The R-value
for the model after rotation and translation functions was 0.490
for the P43212 solution and 0.508 for the incorrect P4 1212
solution using all data from 15.0-4.0 A resolution. The
dimer was subsequently refined as four rigid bodies with
the two chains separated at the hinge region between the CH2
and CH3 domains (amino acids 341-342), which reduced the
R-value from 0.498 to 0.423 using all reflections available to
3.2 A resolution.
Phase improvement
In our initial map, calculated with 2 Fobs I - Fcalc I amplitudes
and the rigid-body-refined model phases, electron density was
well defined over the entire Fc dimer. In addition, electron
density was observed for the a-helix of the C2 fragment.
However, the position of the rest of the C2 structure was more
weakly defined. In order to improve the phases, the map was
averaged over the non-crystallographic two-fold axis using
programs available in the RAVE and A program packages
[30,49]. Structure factors and maps were calculated using the
CCP4 program package [50]. Lacking the coordinates of the
NMR structure of B1 (C1) at that time, the structure of ubiq-
uitin was roughly docked at the presumed C2-binding site on
Fc. This model was used to generate a mask (2.5 A masking
radius for all atoms on a 1.0 A grid) which was improved by
interactive editing using O [51]. One cycle of averaging
improved the quality of the map dramatically. The complete
fold of the C2 fragment was clearly visible, including all con-
necting loops between secondary-structure elements. This
improvement made it possible to dock the intact C1 fragment
into the electron density (coordinates were kindly provided by
Drs AM Gronenborn and GM Clore). The Fc-C1 model was
subsequently used for a new mask calculation (2.5 A masking
radius on a 0.7 A grid). This mask was also improved by inter-
active editing and used in subsequent cyclic averaging with no
structural information of the C1 fragment included in the
structure-factor calculations. The final averaged map was
clearly improved and the C1 fragment was again fitted into the
electron density (Fig. 8). At this point, 38 of the surface
exposed residues of C1 were replaced by alanines and this was
followed by rigid-body refinement, a new mask calculation
plus five more cycles of averaging (apart from glycines and ala-
nines, the following residues were left unaltered: Tyr3, Leu5,
Leu7, Phe30, Tyr33, Trp43, Tyr45 and Phe52). The semi-
polyalanine model of C1 (model M2) was included in the
phase calculation and diffraction data from a second data set,
native 2, were used (Table 3). For mask calculations (2.5 A
Fig. 8. Demonstration of the quality of the 2 Fobs-Fcalc map after
five cycles of averaging. No phase information from protein G
was included in the calculation. The C-trace of the refined
model M9 is shown with the same colours as in Fig. 2. Contours
are drawn at a level of 1 cr, where is the rms density throughout
the unit cell.
Table 3. Data collection statistics.
Native 1 Native 2
Bragg No. of unique Complete- No. of unique Complete-
spacing (A) reflections ness (%) reflections ness (%)
:-8.7 922 94 703 71
8.7-5.5 2593 98 2511 95
5.5-4.5 2440 95 2433 94
4.5-4.0 2055 81 2310 91
4.0-3.7 1281 51 2041 81
3.7-3.5 487 29 1019 60
3.5-3.3 485 20 930 37
3.3-3.2 270 16 350 21
,-3.2 10 533 62 12 297 72
Dataset
Temperature (C) 21 4
Unit cell a,c (A) 110.7,160.5 110.6,160.3
Crystals merged 2 2
Independent
observations 52 825 41 581
Unique
reflections 10 533 12 297
Rmergea (%) 8.0 8.9
The diffraction data from each crystal were processed in 2-3 batches. The
average /rr(I) was 2.0 at 3.5 A resolution, and 4.5 at 4.0 A resolution. The
batches were scaled together using the PROTEIN program package 1591.
Scaling the two data sets gave Rmerge values of -0.10-0.15 without increas-
ing the completeness of the data. Therefore the two data sets were kept
N n(r) N
separate. aRme,ge = s: l IJ(i,r)-<l(r)> 1/3 [n(r)x<l(r] x 100%, where N is
the number of unique reflections, n(r) is the number of multiple measure-
ments for the rth reflection with the mean value <1(r)> and (i,r) is the ith
individual measurement of the rth reflection.
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radius on a 0.7 A grid), the correct sequence of the C2 frag-
ment was used (Ile6 and Leu7 were changed to valine and
isoleucine, respectively). Rigid-body refinement of the four Fc
domains plus the two C2 semi-polyalanine fragments reduced
the R-value to 0.377 without major movement of the
domains. Inspection of the averaged map showed that the den-
sity had been improved. Good electron density was observed
for 30 of the 38 alanine-substituted residues, but not for the
side chains of LyslO, Thrll, Lys13, Glu19, Val21, Glu42,
Ala48 and Lys50. Very good density was observed for the unal-
tered residues but also for the side chains of Glu15, Asp22,
Thr25, Glu27, Val29, Gln32, Asn35, Asp36, Asp40, Thr44,
Thr53, Val54. Thr55 and Glu56, i.e., for most of the residues
at the interface with Fc. In addition, Lys28 and Lys31 had rea-
sonable side-chain density at lower contouring levels (0.8r).
Residues were subsequently converted back to their respective
amino acid types restoring the side-chain conformations
observed in the NMR structure. The resulting model was
called M3.
Structure refinement
After molecular replacement and rigid-body refinement, the
complex was basically the sum of two medium-resolution
structures, but it did not reveal much about the protein-pro-
tein interactions. In fact, there were several indications that side
chains involved in the protein-protein interface should adopt a
different conformation in the complex compared with the iso-
lated structures of the individual proteins. In particular, Glu27
had bad contacts with Fc, and there were no salt-link or
hydrogen-bonding partners for Lys31.
Therefore, we have attempted to refine the complex as much
as the (scarce) data would allow us to. One has to keep in mind
that only a 3.5 A dataset was available which means that there
are fewer crystallographic observations than coordinate
degrees-of-freedom. This precluded the use of standard refine-
ment protocols which employ simulated annealing [48,52] in
order to relax the molecular replacement solution structure. In
order to test whether or not we were over-fitting the data, we
used Briinger's Rfree value [53] from the moment we started
refining the structure (using 5%, rather than 10%, of the reflec-
tions as the test set since the number of reflections was already
very low). Once the molecular replacement solution had been
obtained, as described above, the following steps were taken.
The solution was split into two components, model M3A con-
taining one Fc, nine sugars and one protein G; all temperature
factors were reset to 20.0 A2. Model M3B was derived analo-
gously from the other molecules in the asymmetric unit. The
Coc atoms in M3A and M3B had an rmsd after superposition-
ing of 0.75 A. In order to cut the number of degrees-of-free-
dom in half, we decided to employ strict non-crystallographic
symmetry (NCS) constraints from then on onwards. Model
M3A was arbitrarily chosen as the reference model (i.e. the
other complex in the asymmetric unit is obtained by applying
the optimal transformation, which brought M3A onto M3B, to
the reference model).
We applied our standard battery of quality checks to M3A
[pep-flip, real-space electron density fit (RS-fit), rotamer side-
chain fit (RSC-fit), 4-tj angle combinations, peptide planarity
and Ca-chirality] and started rebuilding the structure where
necessary. During rebuilding, we used the standard tools in O
[51], such as selection of most common rotamers, peptide-flip-
ping etc. [54]. After rebuilding, the sugars were removed from
the model (their density was generally poor, they were not of
primary interest, and this reduced the number of degrees-of-
freedom slightly). In addition, one Fc residue and four protein
G residues that did not have favourable salt-link or hydrogen-
bonding contacts were again 'mutated' to alanines (Ser254,
Glu27, Lys28, Lys31 and Asp40). The resulting model was
called M4 (including strict NCS).
Model M4 was subjected to rigid-body refinement in order to
improve the operator relating complex A and B. The initial
R-value, using data between 8.0 A and 3.2 A resolution from
the native 2 dataset, was 0.415 (Rfree 0.424). This is slightly
higher than the R-value before rebuilding, but this is not sur-
prising: the two complexes were slightly different (rmsd of Ca
atoms 0.75 A); the model contained more atoms; the Fcs had
refined temperature factors, and rebuilding always introduces
small errors which can be corrected by straightforward mini-
mization of the structure. Seen in this light, the increase of the
R-value is negligible. First, we performed 50 cycles of rigid-
body refinement where each of the two protein G:Fc com-
plexes were refined as two rigid bodies. This was followed by
50 more cycles in which each of the four protein chains was
refined as a rigid body. After this step, R had dropped to 0.402
(Rfree 0.414). From the resulting structure, a new operator was
calculated relating complex A to B. This operator was applied
as a strict NCS constraint in the following refinement process.
Since this constraint cuts the number of degrees-of-freedom in
half (yielding a data to parameter ratio of -1.5), we had hoped
to be able to apply an NCS-constrained simulated annealing
protocol. This protocol comprised 150 cycles of straightfor-
ward energy minimization, a slow-cool from 3000 K to 300 K
in steps of -50 K, followed by another 150 cycles of minimiza-
tion, all steps using data in the range 8.0-3.2 A and employing
the Engh and Huber force field [55]. When judged by the nor-
mal R-value, this approach was extremely successful: it was
reduced from 0.408 to 0.292. However, Rfree was 0.415, indi-
cating that we had not improved the structure, but were most
probably over-fitting the data. We subsequently performed a
number of experiments with X-PLOR, using different values
for the crystallographic pseudo-energy weight, different simu-
lated annealing protocols, and even a different set of test data
for the calculation of Rfree (containing 10% of the data). In all
cases, the qualitative result was the same: a seemingly dramatic
decrease in the conventional R-value which was accompanied
by an insignificant drop, or even an increase, in Rfree.
The best structure, judged from Rfree, was that obtained after
merely 150 cycles of energy minimization which reduced the
R-value and Rfree to 0.332 and 0.402, respectively. We applied
temperature factor optimization (50 cycles) to this structure, in
which one temperature factor was refined per residue. The
resulting model, M5, had an R-value of 0.310 (Rfree 0.361).
Model M5 was again subjected to our standard quality-control
tests. A map was calculated and we applied 10 cycles of NCS
averaging to it. Using this map, model M5 was rebuilt to yield
model M6.
While rebuilding in model M6, we checked if density had
come up for any of the five mutated residues in protein G
which had previously been problematic in the protein-protein
interface. Of the four protein G residues, Glu27 had beautiful
density coming off its Ca3 atom and Lys31 had good density for
its entire side chain at a 0.8r contour level, but no density for
its Ce atom at 1.0cr (Fig. 9). The side chain of Ser254 still had
no density for the side-chain hydroxyl group. The carboxylate
group of Glu27 could be built so that it bridged between the
N5 of Lys31 and the Oy of Ser254 and the amide nitrogens of
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lle253 and Ser254 of Fc. The side chain of Lys28 had weak
electron density at a 1.0t contour level, but was well defined at
0.8cr. We could place the side chain into the density such that
the N5 formed a salt link with two glutamates in Fc (Glu380
and Glu382). For Asp40 we observed good side-chain density.
The density for His433 in Fc could be interpreted as either of
two conformations interacting with either Asp40 or Asn35. We
rebuilt His433 so that it formed a hydrogen bond with Asn35.
Model M6 was subjected to two more rounds of refinement,
including energy minimization and temperature-factor refine-
ment (one per residue), averaging and model building. Before
the final refinement round, temperature factors for all atoms
were reset to 20.0 A2. These refinement cycles yielded the final
model, M9.
Quality of the final model
The final model, M9, has a crystallographic R-value of 0.289
(Rfree 0.357) for all data in the range 8.0-3.5 A (including the
reflections to 3.2 A from dataset native 2 the R-value is 0.293
and Rfree is 0.359). The standard and Rfree Luzzati plots
([56,57]; data not shown) yield an estimated coordinate error
of -0.55 A and -0.70 A, respectively. The model comprises
206 residues of Fc (1656 non-hydrogen atoms) and 56 residues
(434 non-hydrogen atoms) of protein G (including Thrl). The
other complex inside the asymmetric unit is generated from
this model by applying a strict NCS operator. This operator
corresponds to a rotation of 178.4 °.
The rmsd. from ideal values [55] is 0.017 A for bond lengths,
2.0° for bond angles, and 1.90 for improper torsion angles.
After 10 additional cycles of averaging using the final model,
the R-value and correlation coefficient of the observed and
calculated structure-factor amplitudes are 0.231 and 0.898,
respectively, and the correlation coefficient of the density in
complex A and that in complex B is 0.846.
The average RS-fit value for the 262 residues (2090 non-
hydrogen atoms) is 0.82. There are four residues, all in Fc,
which have a pep-flip rms value >2.5 A. One residue in Fc has
a q4/ti angle combination which lies in a disallowed region of
the Ramachandran plot (according to PROCHECK [58]),
whereas 78.4% of all residues lie in the most favoured regions.
Seven residues have rotamer side-chain values >2 A. Residue-
based temperature factors vary from 2.0 A2 (the lowest value
allowed during refinement in X-PLOR) to 125.2 A2, the
average being 41.6 A2 (41.1 A2 and 43.4 A2 for Fc and protein
G, respectively). The worst residues are all in Fc: Ser239,
His285, Asn286, Arg292 and Tyr296. The following parts of
Fig. 9. (a) Detail of the averaged
2Fobs-Fcalc map calculated after refine-
ment of model M4, superimposed on
the coordinates of the refined final
model M9. Structure factors and phases
were calculated from model M5 which
included alanines at position 27 and 31
for protein G and 254 for Fc. (b) Detail
of the final averaged 2Fobs-Fcalc map for
the same region as in (a). Both maps
were contoured at a level of la, where
ar is the rms electron density throughout
the unit cell.
Table 4. Quality of residues involved in inter-protein interactions and
some 'bad' ones in Fc.
Ramachandran Pep-flip RSC B
Residue Type plot area rms (A) RS-fit (A) (A2)
Fc 253 Isoleucine A 0.72 0.80 0.94 34.4
254 Serine -A 0.67 0.87 0.50 25.2
380 Glutamate B 0.60 0.83 0.99 33.9
382 Glutamate -B 0.55 0.75 1.67 51.7
433 Histidine B 1.35 0.75 0.40 34.4
434 Asparagine -L 1.06 0.80 1.42 22.3
435 Histidine L 1.09 0.88 1.50 32.5
436 Tyrosine -B 1.53 0.82 0.31 2.0
438 Glutamine -B 0.35 0.72 1.35 32.1
PG 27 Glutamate A 0.56 0.81 1.05 24.1
28 Lysine A 0.38 0.80 0.44 36.9
31 Lysine A 0.39 0.81 1.39 2.0
32 Glutamine A 0.37 0.76 2.87 32.3
35 Asparagine A 0.46 0.75 0.71 45.2
40 Aspartate -B 0.81 0.83 1.05 34.5
42 Glutamate B 0.65 0.78 1.17 66.6
43 Tryptophan B 0.70 0.83 0.71 2.0
Fc 285 Histidine -A 2.46 0.44 0.93 97.5
286 Asparagine -A 2.53 0.43 1.81 121.4
287 Alanine -A 2.61 0.39 - 74.1
288 Lysine -B 3.20 0.57 1.34 75.4
For comparison, four of the worst defined residues in Fc (loop 285-
288) are also listed. The Ramachandran plot area is encoded as in
PROCHECK [58]; A/-A, inside and close to the a-helical region; B/-B,
inside and close to the -strand region; L/-L, inside and close to the
left-handed helical region. Pep-flip rms, real space (RS) electron density
fit and rotamer side-chain (RSC) fit values were calculated with O 151].
One temperature factor (B) was refined for each residue as a whole.
the model are particularly poor: in Fc, Val264-Gln272,
His285-Ser298, and in protein G, Tyr45-Asp46. However,
none of these regions is directly involved in the physiological
protein-protein interface.
The main objective of our refinement efforts was to shed some
light on the interactions that occur in the inter-protein
interface. We have indeed obtained a better picture of this
interface than was possible by merely examining the molecular
replacement solution, but we realise that this may have been
achieved at the expense of the quality of some other parts of
the structures [even though the area 264-304 in Fc seems
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genuinely problematic with some unfavourable main-chain
conformations (bad /t*-angle combinations and pep-flip val-
ues) even in the 2.8 A starting structure]. The interface
residues, on the other hand, are all fairly well-behaved (see
Table 4) and, in general, the refined model M9 fits better into
the averaged electron density produced from the polyalanine
model M2 than the unrefined model. Also, judging from the
PROCHECK [58] output, our structure is still better than
average (at this resolution) for all main-chain and side-chain
'quality indicators'.
The coordinates and structure factors of the complex have
been deposited at the Brookhaven Protein Data Bank [47]
(entry code FCC). Until they are available from the PDB,
they can be obtained by electronic mail from AESE (E-mail
address: liz@xray.bmc.uu.se).
Software
All model building, rebuilding, modelling and graphics opera-
tions were carried out with the crystallographic modelling pro-
gram O [51]. Molecular replacement and structure refinement
were carried out with X-PLOR [48], using the Engh and
Huber force field [551 during all refinement steps. Electron-
density averaging was carried out with the A [49] or RAVE
[30] software packages. All map calculations etc. were done
with various programs in the CCP4 package [50]. Quality-
control checks were made with O [51], PROCHECK [58] and
OOPS (GJ Kleywegt and TA Jones, unpublished program).
Volume calculations were carried out with MAMA [30] and
structural similarities were investigated with DEJAVU [30].
Structural alignments were investigated with [51] and
LSQMAN (GJ Kleywegt and TAJones, unpublished program).
All calculations were performed on Alliant FX/40, Evans and
Sutherland ESV, SGI Indigo and DEC Alpha/OSFI computers.
Note added in proof
An additional model building study of the complex between
protein G and Fc from mouse IgG2a has been published since
this manuscript was submitted [Kato et al., (1995). Structure 3,
79-85]. That paper describes an NMR study where changes
in chemical shifts between the two individual proteins and
the proteins in the complex were followed, but only for
selected residues. Four residues from Fc, Met252, His433,
His435 and His436, were identified as important for binding
to protein G. These residues correspond to Met252, His433,
His435 and Tyr436 in human IgG1, all situated in interacting
regions which may explain the chemical shift changes. From
protein G, residues from the a-helix and the third 13-strand
were identified as part of the interface with Fc. Based on the
location of the interacting residues, several models of the
complex were constructed and subjected to Monte Carlo
energy minimization. The best resulting model suggested that
the -helix from protein G binds in a position that is super-
imposable upon the first a-helix of protein A, i.e., similar to
the model suggested by Gronenborn and Clore [25]. The
directions of the two helices are, however, opposite in the
two NMR-derived models. Our crystallographic analysis
shows that the Fc-binding helix of protein G does not super-
impose upon the Fc-binding helix of protein A. Our model,
however, appears to be consistent with the NMR data from
both these studies.
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